Detailed Progress Report for the Project Period Dec. 1, 2005-Nov. 30, 2006 (year 2).
This report summarizes research that has been completed during the second year of the current 3-year grant.
Tris-pyrazolylborate Rhodium Alkane Binding and Activation Studies.
Our rhodium-trispyrazolylborate studies on hydrocarbon activation make use of the reactive 16-electron fragment [HB (3,5-dimethylpyrazolyl) 3 ]Rh(CNCH 2 CMe 3 ), abbreviated herein as Tp'RhL. In the prior 3-year project period, we established that the Tp'RhL fragment coordinates an alkane to give a σ-complex. A series of labelling studies allowed the determination of the relative rates of the processes available to the alkane σ-complex, specifically C-H activation (called oxidative cleavage), migration down the alkane chain, and simple dissociation. In the current grant project period, we completed and published studies that determine which C-H bond of an alkane first binds to the Tp'RhL fragment. The execution of this experiment is not completely obvious, as reaction of the fragment with any linear hydrocarbon only gives a single product, the n-alkyl hydride (eq 1). One cannot easily determine how the alkane initially bound if a single product is observed. However, using competitive activation studies (e.g. pentane vs. decane), we were able to sort out these differences in binding preference. 
In the current project period, we established that (1) the Tp'RhL fragment coordinates to a linear alkane to give a σ-complex and that the coordination is favored at the methylene group over the methyl group by a ratio of 1.5:1. (2) a methyl group in pentane coordinates 1.2 times faster than the more hindered methyl group of isobutane. (3) the oxidative cleavage of a methyl C-H bond (primary C-H) occurs 65K 12 times faster than the C-H bond in a methylene group (secondary C-H), where K 12 represents the equilibrium constant between primary and secondary alkane complexes. These conclusions were made building upon our earlier studies of the relative rates of oxidative cleavage, migration, and dissociation.
C-C Bond Cleavage Studies
Our DOE supported work showed that several types of C-C bonds can be cleaved. We have discovered 3 distinct classes of C-C bonds that can be cleaved: (1) fragments, and η 2 -nitrile adducts can be observed as reaction intermediates. Examples of these discoveries are shown in Schemes 1, eq 2, and eq 3 below. 
Scheme 1:
This latter reaction has been now investigated using DFT theoretical studies to examine the mechanism of reaction. The results are both surprizing and unexpected. First, the product is found to have a large dipole moment (11. 
The calculated energy profile for this reaction is summarized in Figure 1 We have discovered that the reactive hydride [(dippe)NiH] 2 , which serves as a room temperature source of [Ni(dippe)], reacts with allylcyanide to give initially a π-olefin complex (dippe = bis-(diisopropylphosphino)ethane). This species can be seen at low temperature by NMR spectroscopy, and upon warming to RT competitive C-H and C-CN cleavage takes place.
C-H activation gives a π-allyl hydride complex that is not observed, because the hydride is transferred back to the opposite end of the allyl group to give a very stable crotononitrile complex (both cis and trans are formed). C-CN activation, however, leads to a metastable π-allyl cyanide complex that can be isolated and was structurally characterized. C-CN cleavage is reversible, so that ultimately, all nickel winds up as the crotononitrile complexes (Scheme 2). By monitoring the distribution of species over time, we have been able to extract the rate constants for all of these species by kinetic simulation. In addition, by measuring the distribution of species as a function of temperature, we can obtain activation parameters for the various steps. The results are quite interesting, in that we find that while C-H activation and C-C activation have small temperature dependences, C-C cleavage has a large temperature dependence. The result is that by raising the temperature, one can selectively drive the reaction in the direction of the less-favorable π-allyl cyanide complex. This is good news, since the DuPont catalysis requires that the C-C cleavage dominate the C-H cleavage.
Scheme 2. C-C and C-H Bond Activation in allylcyanide.
We have extended our studies with allyl cyanide to the industrially relevant nitrile, 2- In light of the theoretical results that show a large change in dipole moment during the reaction, we have conducted exhaustive solvent effect studies on this system. Table 1 below shows how the ratio of linear to branched products changes as a function of solvent. As the solvent polarity increases, a dramatic preference for the formation of branched isomers can be seen. Also, solvent mixtures take on the properties of the bulk solvent, indicating that the solvation is general and not specific (i.e., a few molecules of acetonitrile are not coordinating to change the product ratio). Of particular relevance here is to note that running the catalytic Edited to remove material prior to publication.
reaction in neat substrate amounts to running the reaction in a very polar solvent, which results in very poor selectivity for the desired linear isomer. We have also found that the product ratio can be changed with temperature, as predicted from our earlier studies with allylcyanide. A reaction that gives a 1:6 linear:branched product ratio at 25 °C will give a 2.6:1 ratio at 80 °C, an approximately 15-fold increase in selectivity.
Kinetic studies of this system show the reaction to be first order in nickel and first order in substrate, as expected from the mechanism outlined in Scheme 3.
Finally, we have also completed calculations on the simple acetonitrile C-CN activation using [Ni(dmpe)H] 2 . The results (gas phase) are shown in Figure 2 below, and show once again a transition state for C-C cleavage in which the C-C bond is inclined about 30° to the NiP 2 plane.
We also included the possibility of C-H activation, which is predicted to be thermodynamically quite unfavorable. We are making this species in the laboratory by the reaction of The C-C cleavage in aryl acetylenes has been accomplished photochemically using platinum complexes of the type Pt(dtbpe)(η 2 -acetylene) (Scheme 4). In all cases, C-C cleavage requires photolysis, and heating the product converts the Pt(II) oxidative addition product back to the η 2 -acetylene complex. Only moderate selectivity is seen using hetero-substituted diarylacetylenes. The reductive elimination rates vary as a function of the aryl group on the acetylene, with barrier ranging from 31-40 kcal/mol (Scheme 5). 
Scheme 4:
R = Bu t
C-H Bond Activation and Functionalization Studies
We have conducted an extensive investigation of C-H activation in chloroalkanes using the reactive precursor Tp*Rh(CNR)(carbodiimide). Remarkably, the C-Cl bond does not undergo oxidative addition. Rather, we find a strong selectivity for exclusive terminal methyl group C-H bond activation. Thus, 1-chloro alkane gives the 5-chloropentyl hydride as the only product. The rate of reductive elimination of the chloroalkane depends upon the length of the ω-chloroalkyl chain. These rates can be compared to the corresponding parent alkyl complexes without the chloro substituent. A remarkable effect can be seen on the stability of the complex, with a measurable effect being seen up to 5 carbons away from the metal center! (Scheme 7). We have also found that aromatic C-H activation with Tp'Rh(CNR)(carbodiimide) in the presence of pinacol borane leads to the formation of arylboronates. These reactions are catalytic in rhodium and occur thermally under mild conditions. Further study of the intermediates in these reactions are underway.
C-F Bond Cleavage Studies
We have now nearly completed studies with the soluble, reactive Cp* 2 HfH 2 and found that this molecule cleaves a wide variety of aromatic, aliphatic, and vinylic C-F bonds, as did the zirconium analog Cp* 2 ZrH 2 . Systematic studies have shown that the reactivity of the halfnium derivative mimics that of the zirconium complex, although all reactions are slower (Scheme 9).
The lower reactivity of the halfnium complex is attributed to its larger M-H bond strength.
Scheme 9:
Hf We have now completed our investigation of the C-F cleavage in cyclic perfluoroolefins with Cp* 2 ZrH 2 . These appear to be a special class of substrate, in that the mechanism of C-F cleavage may be different than that seen in our earlier studies with Cp* 2 ZrH 2 . Using DFT Edited to remove material prior to publication.
calculations, two competitive pathways can be identified (Scheme 10): (1) Insertion to give an α-F-agostic complex followed by an intramolecular 2,1-H-shift, and (2) a direct metatheis pathway involving the Zr-H and F-C bonds. Notably, the reaction does not involve olefin insertion/β-fluorine elimination.
Scheme 10:
Cp* 2 ZrH 2 + Edited to remove material prior to publication.
